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Abstract
Anewmechanismofelectron-tunnelingthrougha"quasi-onedimensional"
electron-transfer("ET")pathwayinbiologicalsystemsispresentedinplaceofthe
conventionalelectron-tunnelingmechanism.Itarisesfromthelong-rangeelec・
trostaticcouplingbetweentheelectronand"promoting"modes("P-modes")of
molecularvibration、ItisshownthatwhentheETpathwayinvolvesatleastone
intermolecularhydrogen(H-)bond,theout-of-planetorsionalmotionoftheH-bond
canpredominantlypromoteETbecauseofthesignificantlyenhancedcouplingdueto
thequasi-onedimensionalityoftheETpathway.Inthismechanism,electronicwave
functionsforreactantandproductstatesdependuponnuclearcoordinatesof``accept-
ing"modes("A-modes")ofmolecularvibrationmainlythrougheachbindingenergy
alongtheETpathway.Itisshownthatthisdependencecanbeneglectedinthe
normalregionofrateconstant(々Rp)vsenergygap(AE)relationfarfromthe
activationlesscase,butcannototherwise.Especially,aroundtheenergyregionofA
Easlargeasthereorganizationenergy(λ),thisdependencecoωdleadtoan
appreciablenegativeactivationtypebehaviorofleRpvstemperature(T).Itisshown
thatthismechanismwithpredictedETpathwayquantitativelyinterpretsknown
resultsonthecytochromeoxidationreactioninphotosyntheticbacteria,includingthe
H20/D20isotopeeffectofR「fortheratiooftheETratesobservedbyKiharaand
McCray(Biochim,Biophys.Acta292,297(1973)).Suchadeuteriumeffectrequires
thatthependulumfrequencyoftheH-bondissufficientlylow.
1.Introduction
Electrontransfer("ET")isanessentialprocessinbioenergeticsincludingphoto・
synthesis[1,2]andrespiration[1,3].Sincethepioneeringproposalofhypothetica1
"semiconductivepropertyofproteins"[4],themechanismofbiologicalET,especiallyin
photosyntheticbacteria,hasbeenthesubjectofextensiveexperimental[5-21]and
theoretical[5,6,22-32]studiesincludingalsorelevantchemicalsystems[33-35].The
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understandingthatbiologicalETinvolvesquantum-mechanicaltunnelingcamewith
thediscoverythattherateofcytochromeoxidationinChromatiumvinosumisab-
solutelytemperature-independentfromlOOto4K[5,6].DeVaultandChance[5]
originallyenvisionedquantum-mechanicaltunnelingofanelectronbetweentwositesof
fixednuclearconfigurations,whichresultsinatemperature-independentprocessatlow
temperatures,whileatemperature-dependenceoftheheightofthebarrierforelectron-
tunnelingresultsinanactivationprocessathightemperatures.Thisideawascriticized
byHopfield[22]asthatviolatingtheFranck-CondonprincipleonthermalETprocesses.
Instead,Hopfielddevelopedasemiclassicaltheoryofvibronicallyassistedelectron
tunnelinginanalogytoresonanceexcitationenergytransferincondensedphases
(F6rster'sproblem).Subsequently,Jortner[26]presentedaquantum-mechanicaldes-
criptionofETinbiologicalsystemsintermsofnonradiativemultlphononprocesses.
BoththeoriesofHopfieldandJortnerarenonadiabaticaswasconsistentlyverifiedby
parametrizingtheETmatrixelement,whichwillbedeontedby"Tl)A",andtheso-called
Franck-Condonfactorsoastofittheuniquetemperature-dependenceoftheChance-
DeVaultcytochromeoxidationreaction[5,6].Furthermore,Hopfieldandcoworkers
[22-24]havetriedtodemonstratequantitativelythatthedirectelectron-tunnelingmay
beageneralmachanismofETinbiologicalsystems.Significantly,however,McCrayand
Kihara[9,10]haveshownthatheavywater(D20)substitutionforH20insixdifferent
speciesofphotosyntheticbacteriawholecellsandmitochondrialmembranefragments
resultsinanisotopeeffectsof21/2fortheratiosoftheETrates[kRp(H20)/んRp(D20)]
ofoxidation-reductionsinvolvingcytochromesatalltemperaturesfrom300to77K.
Theseauthorshavesuggestedthathydrogenatomtransfervia"water-bridges"[9]or
water-rotation[8]mayberesponsibleforthe21/2isotopeeffect.
Veryrecently,themolecularstructureofthephotosyntheticreactioncenterfrom
RhodopseudomonasviridishasbeenelucidatedbyMicheletaL[36-38]usingXイay
crystallographicanalysis.Thisstructurehasnotonlybuiltaclearatomicmodelofthe
prostheticgroupsofthecharge-separationsystem(oneBCh12:"specialpair"ofnon-
covalentlylinkeddimerofbacteriochlorophyllb("BChl")'s,twoBChrs,twoBPh's:
bacteriopheophytin,oneQA:menaquinone,oneQB:ubiquinone,oneFe:inorganiciron,
andfourhemegroups),butalsoopenedupanintriguingproblemonthemechanismof
theprimarystepofchargeseparation.Namely,itwasfoundthatthecentralpartofthe
complexconsistsoftwosubunits,LandM,eachofwhichcontainsa"C2-symmetrically"
equivalentprimaryacceptor,BChlLorBChlM,andsecondaryacceptor,BPhLorBPhM
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respectively.ThisapproximateC2-symmetryhasbeenrecentlyreportedtoholdin-
cludingpolaraminoacidscloselyinteractingwiththesechromophores[38].Further,it
wasindicated[37]thatonlytheL-branchisused(fromspectroscopicexperiments
showingthatonlyoneBPhisbleached[39]).Hence,suchadrasticbreak-downoftheC2
-symmetryconcerningETisagreatmystery.
Inordertoresolvetheseproblems,wepresentanewmechanismofETinbiological
systems:Ingeneral,normalmodesofmo1ecularvibrationsassociatedwithETcanbe
classifiedintotwogroups:"accepting"-modes("A-modes")and"promoting"modes("P
-modes").TheA-modecontributestothereorganizationenergyonET,whiletheP-mode
doesnot.Instead,theP-modecanpromoteETbecauseitsinteractionwithelectronscan
notbeincorporatedintoone-electronpotential.Ingeneral,theelectron-tunnelingmatrix
elementT(Q',Q")dependsupontheA-modecoordinatesQ'aswellastheP-mode
coordinates,Q".OnecandecomposeT(Q',Q")intotwoparts:
T(Qt,Q")=T(Q',O)+(T(Q',Q")-T(Q',0)).(1.1)
ThefirsttermT(Qt,0)canbeexpandedaroundQ=Qt(≡aclassicaltransitionpoint)
as
T(Q',0)-T(Q,,O)+T'1(Q,,O)(AQ')
一ト コ〔'
2(Q,,0)(∠tQ')2-{一...(1.2)
with∠Q=Q'-Q,,wherethefirstterm
T(Q,,0)-TDA(1.3)
representstheelectron-tunnelingmatrixelementatthetransitionstateandthehigher
ordertermsarisefromelectron-A-modephononinteractions.But,itcanbeshownthat
thehigherordertermsexactlydisappearwhendiabaticreactantandproductstatesare
properlydefined[40].Theothertermineq.(1.1)canbealsoexpandedasapowerseries
ofQ":
T(Qノ,Q")-T(Q',0)=T"1(Q',0)・Q"十T"2(Q',0)(Q")2一 ト ….(1.4)
Inthispaper,weassumethatthefirstterm
T"1(Q',0)● ,Q"≡TRP(1.5)
isdominantandthehigherordertermsarenegligible.Intheabove,itisimportantto
noticethatthedecomposition(1.1)itselfisnotneccssarilyabeginningofperturbat・
ionalexpansion(L4),becausethedirectelectrontransferinducedbyP-modephonons
("DETIP")essentiallydoesnotarisefromthefluctuationoftheone-electronpotential
barrierduetotheelectron-A-modeinteractionbutfromthenondiagonalmatrixelement
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oftheelectron-P-modephononinteraction(L5).Thus,itisfoundthatthereisno
generalreasontoexpecteithertheTDAtermtodominateortheTRptermalsotobe
important.TheremaybeanothercaseofTDA<<TRp,iftheTDAtermdiminishesby
selectionrulebetweenTL-orbitalsoriftheelectron-P-modephonqninteractionis
sufficientlystrong.Forexample,itiswellknownthatETfrequentlyoccursfollowingthe
protontransfer(i.e.hydrogentransferandhydridetransfer).Thisfactimpliesthatan
electroncanstronglycouplealsowiththevibrationofaprotonina"electrontransfer
pathway".Itisquitereasonabletoassumethattheelectroncantunnelalongdistance
exclusivelythroughaseriesofpolypeptidesinproteinbecausethepotentialbarrierin
vacuumisusuallytoohigh.This"quasi-onedimensionality"ofETpathwayisextremely
importanttocontroltheETprocessesinbiologicalsystems.Atthesametime,this
propertycanbetheoriginofastrongelectron-P-modephononcoupling.Forexample,it
iswellknownthatthestrongelectron-1atticeinteractioninsuch"quasi-onedimensi-
onal"organicmaterialscausesphasetransitionsandunusualconductionpropertyof
electrons[41].AlthoughETinbiologicalsystemisneithermatallicnorsemiconductive
butjusttunneling,thesimilarstrongcouplingcanarisefromthesamequasi-one
dimensionalityofthepathway.Thisisquiteexpectedfromthefactthatthelong-range
Coulombintegralinanexactone-dimensionallatticediverges.
Insection2,wepresentthetheoreticaldescriptionofdirectETinducedbyP-mode
phonons,whichcanbeappliedtobothbiologicalandchemicalsystems.Ageneral
considerationontheelectron-molecularvibrationinteractionisgivenin2.Btointro-
ducethelong-rangeelectrostaticmode1.SomeconditionstofindoutpredominantA-
modesandP-modesarediscussedin2.Cand2.Drespectively.Anapproximate
formulafortheETrateconstantduetotheDETIPmechanismisderivedin2.Etobe
appliedtothenormalregionfarfromtheactivationlesscase.Insection3,theimportant
conceptof"quasi-onedimensionalETpathway"isformulatedbyintroducingQ'-
dependentbindingenergyrelativetothepotentialbarrieralongtheETpathwayandthe
effectiveedge-to-edgepathlengthR.In3.B,anapproximatemethodtoestimatethe
ETmatrixelementduetotheDETIPmechanisminbiologicalsystemsisproposed.Itis
shownthattheA-modenuclearcoordinatesintheETmatrixelementcanbefixedatthe
classicaltransitionstateasfarasthereactionisinthenormalrangefarfromthe
activationlesscase.Section4isdevotedtointerpretthedeuteriumisotopeeffect
observedbyKiharaandMcCray[9,10].Insection5,theETmatrixelementinthe
cytochromeoxidationreactionby(BChl)才isfittedtotheexperimentallydetermined
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valuetoestimateonlytheparameterofthenumberofP-modesintheETpathway。The
resultwillbefoundtobeconsistentwiththeconceptof"themostefficientETpathway".
Somediscussionsandsummaryaregiveninsection6.
2.TheoreticalDescription
2.A.ModelHamiltonian
Letusformulateaproblemofthenonadiabaticdirecttransferofanelectronfrom
donorDtoacceptorAinone-electronpicture,neglectingchannelsthroughoccupiedand
unoccupiedmolecularorbitals[43],throughH-bridgedpeptide-linkchainsbyaproton
-relayprocessfollowedbyradicallicreturntotheinitialcondition[44],andthroughany
covalentalterationsorstaticconformationalchangeswhichweredeniedfromcrystal-
10graphicstructuralstudies(seereview[45]).Atfirst,weconsideramodelHamiltonian
homologoustothatproposed[46]fornonradiativetransitionofaphotoexcitedtrapped
electronatF-centerinpolarsolid,thatis,
H=HE+HEL+HL
-{㌃ ・σ(・)}一号・・(・)Qj・・j{揚 ・(与)窃}(1)
whereHEistheelectronicHamiltonianattheequilibriumstateofmolecularvibrationin
theabsenceofelectron,withanadiabaticself-consistentfieldpotentialofσ(r)having
adeepwelloneachsiteofDandA,andHListhemolecularvibrationalHamiltonianin
theabsenceofelectron,withPj・andQj・denotingthemomentumandthecoordinate
respectivelyofthej-thnormalmodeofmolecularvibrationspecifiedbytheeffective
massルfjandtheeffectiveforceconstantん ∫.Oncetheelectron-phononcouplingHELis
switchedon,thelatticerelaxestowardanewequilibriumstateQ=Q。={Qi。}without
frequencychange.Intheabove,weassumedthathigherpowertermswithrespecttgQj・
inHELareofminorimportanceandneglected.
Let
lψbR>=臨(r,Qo)andlU79P>=聾(r,Qo)(2)
betheeigenfunctionsfortheHamiltonian,HE十HEL,atQ=Qowithrespective
eigenvalues,、ERgandE9,.Theseareassumedtodescribethereactantandproductwave
functionsinthecrudeadiabaticapproximation[47],respectively.Thus,theHamiltonian
(1)projectedontothetwo-dimensionalelectronicconfigurationspacetakesamatrix
form:
H=1娚 〉瑠 く 娚1刊 搾>HgP〈蜘
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+B嬬>7PRp<搾1+1巧>TpqR〈 嬬1
H.9一助 妨(bj+bi+t)+E・+4・(♀)窃・
(3)
(4)
瑠 一溜 一環+Eq・喘4・ ω・(ち・の
－HgR－顧+⇔ 〈一
(2ルfjCt)i/h)レ2〉(瑚)(・)
甥・輪 一躍(鋼)一 一・・-1、鵠;烙 言(醐)(・)
whereωj=(ん/鳩)ve;bグ(bノ)isanannihilation(creation)operatorofthej-thnormal
modephonon,definedby
and
∠Q」 ・≡Q」 ・-Qi。=
葛=一 ゴ
(bi+bi)
(b」-b莞),
(7)
(8)
and4representsthe(dimensionless)nucleardisplacementofthej-thnormalmode,∠
Qj。=(h/ルtj・ωj)Ai,fromtheequilibriumpointbeforeETtothatafterET.
ThenormalmodeshavingnonvanishingAjarecalled"acceptingmode"("A-mode")
whilethenormalmodeswithAj=Ocalled"promotingmode"("P-mode").Thesumma'
tionofeq.(6)mustbetakenonlyovertheP-modes.
Itshouldbenotedthattheexpressionof(2)missesanondiagonaltermrepresent'
ingtheconventionalelectron-tunnelingprocess.Thisstrangeresultarisesfromthe
artificialdefinitionsineq.(2)forthereactantandproductstates.Correctreactantand
productwavefunctions,whichareputlψR>;1ψ 亘(r,4Q)>andl砕 〉=1砕(r,∠Q)
>respectively,mustdependuponthenuclearcoordinatedQtotakeintoaccounta
resonantenergysplittingata``transition-state"nuclearconfiguration,∠tQ,,inthesub-
spaceofA-modecoordinates.Toaccomplishthisdefinition,wemustdetermineaphase
angleintheunitarytransformationfrom"adiabatic"wavefunctionsto"diabatic"wave
functions,ψrRandψrp,soastomakethedirectelectron-tunnelingmatrixelement,T(Q',
0)ofeq.(1.2),independentof∠fQ.Onlybythisdefinition,TDAisfoundtohaveasound
physicalmeaningasdescribedbyBardeen'stunnelingcurrent[48],iTDA/h,flowing
fromDtoA:
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・M苦 ∫
脇 ・・伽 ・[媒(・陶 －erp(叫)](・)
inthelimitofsmalloverlappingofψrR(≡VR(r,∠Q`))and蛉(≡砕 r,∠Q,)),where
7=anablaoperator,ΣbAdenotesaboundarysurfaceat∠fQ=∠lQεincludingasaddle
pointofthepotentialfunction,σ(r)十ΣXiu`(r)∠Q輌,anddividingthe亡spaceintotheD
-andA-sides,anddσDAisasu㎡aceelementvectorontheΣbApointingtothenormal
directionfromtheD-sidetotheA-side.Asaresult,ther.h.s.ofeq.(2)isreplacedby
H=1砕 〉 」臨 く 砕1引 外 〉 」Yp〈 砕1
+1砕>HRP〈 ψ》1十1ψ 〉>HPR<VRI,(10)
with
品 ≡ 」鴫,(11a)
Hp≡ 、HgP,(11b)
劫 ～P=HPR2;TRP+TDA+ち ～P,(12)
where
TR・づ{、 鵠 藷(嗣)≡ 一・jぢ(□)・(13)
inwhichψ亘andψrpdependupononlytheA-modecoordinates,andKRprepresentsthe
nondiagonalmatrixelementofanuclearkineticenergy.TheκRptermwillbeneglected
inthispaperbecauseoftheweakAQ-dependencesof弥and砕aroundthetransition
state.
Itisimportanttonotethatthetailsoftheelectronicwavefunctions,TRandψrp,
extroardinarilydependonthebindingenergyofeachstatewhichinturndependsupon
theA-modenuclearconfiguration.Hence,ぢinTRpcannotberegardedasaconstant.
2.B.Electron-MolecularVibrationInteraction
Wheneachionwiththeeffectivecharge±Z.1ρlinmolecularsystemsdeviatesfrom
itsequilibriumposition、RnbYdRn,thepotentialenergyoftheelectronmakingtransfer
changesby
∠ γ(r;{Rn,ARn})-v(r;{Rn+∠ ・Rn})-v(r;{・R。})
=・・緩 ・ARn・(14)
Thisexpansionisvalidasfarasthemolecularvibrationsarewelllocalizedwithinthe
extensionofelectronicwavefunctions.Thegradientofthepotential[∂レ/∂Rn]consists
oftwoterms.
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∂ γ =¢E n十 」P,8(15)∂R
。
whereEnrepresentsthelong-rangeelectrostaticinteraction層andF.representstheshort
-rangecovalencyandexchangeforces。Forpolarmolecularsystems,Enisgivenby
E・-lf砦 ・1(r-Rn)3(16
r-Rnl)
whereεoisthevacuumpermitivity;Zπlelistheeffectivechargeoftheion.
Now,∠ 、Rnineq.(14)canbeexpandedas
∠t1～π ニ2j・enj∠∫Q㌦(17)
where%isaunitpolarizationvectorforthej-thnormalmodealongthevibrational
directionofthen-thion.Thesubstitutionofeqs.(15)一(17)intoeq.(14)givesthe
followingexpressionforμ∫inHELlneq.(1)
・・一・・e・j'[Si?{IZ,・,。F/≡辞+F-] .(18)
Inthispaper,weassumethattwoelectronicwavefunctions,ψrRand件,arebothextended
overmanyatoms.Then,theshort-rangeforce宮田wouldhavenegligiblediagonaland
nondiagonalmatrixelementsbetweenthemandsowillbeomittedhereafter.
2.C.AcceptingModes
Theelectron-A-modephononcouplingcausesthelatticerelaxationafterET.Its
reorganizationenergyisgivenfromeq.(5)as
・一号輌 ・/・一号1〈 確1μゴ1確〉元 く 碑1μ1娚>12(19)
where〈UIPplujlUPp>representsthej-thA-modecomponentoftheelectrostaticforce
bytheelectroninA-siteand-<OPRlujlU]IR?>representsthatbytheholeinD-site.In
thelong-rangeelectrostaticmode1,theseforcecomponentscanbereadilycalculated
whenthereactantandproductwavefunctionsareknown.Inaconductingspheremodel
proposedbyMarcus[50],theforcecomponenthasanonzerovalueonlyoutsidethetwo
spheresatD-andA-sites.Then,thereisnoA-modeintheinnerspheresandonlyouter
-spherepolar-solventmodescanexist.Thisideahasrecentlybeendemonstratedtohold
notonlyinthenormalregionofthekRpvs∠IErelationbutalsoapproximatelyinthe
invertedregion[33,34].Thepolar-solventA-modemustbedefinedasthecomponent
ofamolecularvibrationprojectedontothedirectionoftheforcefield.Theother
componentsvibrateperpendicularlytoitanddefinethepolar-solvent"P-modes".
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Ontheotherhand,
areknowntoplayanessentialroleonthelattlcereorganlzatlon
indicatedthatthevalueofthlsA-modefrequencylsclosetothatexpectedforth
molecularmotionofthemeta1-11gand
ophy11.Ifthlsmotlonmeanstheout-of-planedlsplacementoflronatom,thlsldeaseems
toencounteraserlousdifficultyNamely,theelectrostaticforceduetotheholelnthe
porphyrinemacrocycleatD-sitealmostvanishesatorclosetothemetalllccenter.Only
asmal1(possiblynegliglble)electrostatlcforceduetotheelectronatA-siteactsonthe
ionInsteadofit,fromapreliminarycalculation,wesuggestthatanlmldazoleringln
histldmeastheflfthligandoftheFeatomincytochromec[38]mightberesponslblefor
Aschematlcviewoftheelectrostaticmteractlonbetweentheholemdonor(orelectronm
acceptor)porphyrinaandthe皿idazoleligandMulhkenpopulationchargeoneachatom
whlchhavebeenobtalnedbyabinitioMOmethodiswrittenassuperscrlpt.Thependulum
motlonoftheimidazolermgaroundpomtAlsresponsibleforthemostpartofreorganlza-
tlonenergyandlsidentifiedtobethepredommantacceptmgmodemthlspaper
inblologicalsystems,quantumA-modesofmolecularvibrations
[22,26]Jor ner[28]
e
vibra lonalmotlonincytochromeandinchlor－
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thepredominantreorganizationenergybecauseithasalargedipolemoment(-4.2
Debye)tobeaffectedbythestrongelectrostaticfieldduetothepositiveholegenerated
afterET.Hence,thependulummotionoftheim'idazoleringasdepictedinFigurelis
consideredtogivethepredominantA-mode.Thelargemassoftheimidazolering(78
Mρ)seemstobecompatiblewiththeobservedlowfrequency(300-600cm-1)as
comparedwiththeaboutv晒timeshighercharacteristicfrequencies(800-1500
cm-1)fordeformationmotionsofasingleC-Cbondinsmallmolecules[51].Recently,
Micheletal.[38]foundthatallMg2+ionsinBCh12andtwoBChl'shavehistidineligands,
thatthereisnopolarinteractionbetweeneachBPhandprotein,andthatoneofthefour
histidineligandsofFecontactswithQA.Therefore,thevibrationalmotionofthe
imidazoleringinthedirectionofeachforcefieldduetothecreatedelectronandhole
afterETisconsideredtobethepredominantA-modeinthereactioncenterc6mplex.
Next,itwouldbenecessarytounderstandthereasonwhytheout-of-planemotions
ofC-Hbondswhichexistaroundtheporphyrinering,whichhasthecharacteristic
frequencyinthesimilarrange300-400cm-1[52],cannnotberegardedasA-modes.The
electrostaticforceduetotheπ－electronisusuallyparallelwiththeC-Hbond.Hence,the
electroncannotcouplenotonlywithsuchtorsionalmotionbutalsowiththein-planeC
-Hbendingmotionhavingthecharacteristicfrequencyintherange1000-1700cm-1
[52].Further,theskeletalbondstretchingmotionscharacterizedbyhighfrequencies(>
1000cm-1),whichhavebeenconsideredtoexplainactivationlessprocesses[19,31],
seemtobeunrealisticasimportantA-modesbecausetheirelectrostaticinteractionswith
electronareusuallyquitesmall[53-55]eveniftheforceconstantsbeatmostinthe
sameorderofmagnitudeasthatofthependulummotionoftheimidazoleringduetothe
smallmasses.Forinstance,EfrimaandBixon[53]hascomparedthecrystallographic
dataofTCNQ(tetracyanoquinodimethyl)andTMPD(tetramethylphenyldiamine)and
theiroxidantstoestimatethecouplingconstantSiforeachbonds(hcoi～0.19eV).The
totalreorganizationenergyisaboutO.04eVforTCNQandO.leVforTMPD,whichare
muchsmallerthanthevibroniclevelspacingO.19eV.
Themoredistantpositiveandnegativepolaraminoacidscouldprovidepolar
mediummodesdescribedbypolarizationwaveswhichmustbedeterminedself-con-
sistently.Thepolarmediummodesinbiologicalsystemsarecharacterizedbytheir
extremelowfrequenciesduetothesmallnumberdensityofpolaraminoacidsandtheir
relativelylargemasses,andsowouldplayanimportantroleas"heatbath".However,its
reorganizationenergyintotalisexpectedtobequitesmallincontrasttothecaseofthe
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outer-spheremechamsmlnpolarsolvent[2].
2DPromotingModes
TheP-modesrelevanttoETcanbefoundoutaccordmgtothefollowmgthree
conditions(seeeq.(13))
(i)
(li)
(m)
<囎1偽lIPPR>≡<搾lujlψPp>(defmltlonofP-modes),
larger〈VRlUjlψト〉,
largeramplitudeofmolecularvibratlon.
:、(S》 ・::::一 ・"・
D A
?
?
?
???
?
Conceptualschemeofthepromotlng-modephononlnducedelectrontunnelingthrougha
brldgmgchalnThepredommantP-modeinabiologicalsystemlsassumedtobetheout-of
planetorsionalmotlonofmtermolecularH-bondslnthebrldglngreglonBalongthe
electrontransportpathwayThlsmotloncanstronglycouplewlthanyπ－electronontheH
-bmdlngatom(egOatommTyr)1fpresent
Thelastconditionwlllbebetterrealizedforsmallereffectivemassandsmallervibrat1'
onalfrequency.SlnceVR(r)and砕(r)decayexponentlallyoutsideeach``conducting"
reglon,theconditions(i)and(ri)implythattheP-modesofmolecularvlbratloncan
takeplaceonlyinthebrldglngreglon("B")betweenDandA,incontrasttothecaseof
A-modeswhicharellkelytoexlstaroundeltherslteofDandA.Thlsstatementls
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illustratedinFigure2.Amonganumberofnormalmodesofmolecularvibrations
existingintheB-region,onlysuchnormalmodessatisfyingsome"symmetry"can
becomeP-modes.
Inbiologicalsystems,thereexistsafavorableP-mode,i.e.theout-of-planetorsional
motionofahydrogenatominanintermolecularH-bondconnectingDandA.Firstly,this
vibrationhasthelargestamplitudeinbiologicalsystems,oftheorderofO.23-0.14Awith
hωj=300-900cm-![52].Secondly,itcancouplewiththeπ －electronaroundthehyd-
rogenbondingsitehavingthesamep-likesymmetry,butthein-planebendingmotions
withhigherfrequencies(1000-1700cm-1)[52]cannot(Aselectionruleduetothe
condition(il)).Furthermore,thestretchingmotionofanhydrogenatominthesameH
-bondshouldhaveanonzeronondiagonalmatrixelement<殊luil弊>onlyduetothe
shortイangeforceF.owingtothesameselectionrulebutitsmagnitudemightbe
negligible.Inaddition,itsamplitudeofthezero-pointvibrationisestimatedtobe
negligiblysma11(0.08-O.07Aforhtoj=2500-3500cm-1).Similarly,theamplitudefactor
(血)makesthecontributionofheavyatomsmuchlessprobableascomparedwiththat
ofthelighthydrogenatomsmentionedabove.
Inchemicalsystems,especiallyinpolar-solvent,theperpendicularvibrationofions
intheB-regiontotheD-to-AaxiscanbecomeagoodP-mode.
2.E.ElectronTransferRateConstants
Forthedirect-electron-tunnelingprocess,thetransfermatrixelementTDAisa
constantofreactionbyitsdefinition.Ifitistheonlyprocess,therateconstant(≡ρ々A)
ofthemultiphononassistednonadiabaticETcanbecalculatedbythestandardmethod
ofgeneratingfunction[56]fortheharmonicvibrationalHamiltonians,HgRofeq.(4)and
HgPofeq.(5),resultingin
・。。一 緩 四2F(・)(21)
with
F(ω)一,:、 ∫..…xp巨(ω+4ilEL)'・G・(の+G-(・)一 ・]・
-oo
G.(の －Zi(∠ 多/2)(η ∫+1)exp(ゼ ω∫D,
G_(t)=号(∠ ∫鍵/2)ηjexp(一 ゴα㌧t),
G-G.(0)+G.(0)一 £i(写/2)(2η ∫+1),
ni-[exp(カ ω,/ β々T)-1]-1,
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AE=E9.-E9.十 号 写 海 ω∫/2=EgR-E9.十 λ,(22f)
whereF(ω)willbecalledaFranck-Condonfactor,njistheBose-Einsteindistribution
functionwithkβandTbeingtheBoltzmannconstantandtemperaturerespectively;dE
representsan"energygap"betweentheminimaoftheinitialandfinalnuclearpotential
surfaces;andthesummationistakenonlyovertheA-modes.
Ontheotherhand,fortheDETIPmechanism,thetransfermatrixelement,TRpgiven
byeq.(13)dependsontheA-modenuclearcoordinatesviaVR(r,Q')andψrp(r,Q')
(weputQo=0).Athightemperatures,theETwilloccurneartheclassicaltransition
stateatQ'=QtsincethefrequenciesofP-modesaresupposedtobelow.Hence,ψ 亘and
弊maybereplacedbyψhandψtp,whoseexponentialtailsarecharacterizedbythe
degeneratebindingenergies,-h2Xl/2m,inanone-particledoublewellpotentialforthe
electron(seesection3.A).Thisreplacementwillbefoundtoholdinagoodapproxima・
tionevenatzerotemperatureifthereactionisinthenormalregionfarfromthe
activationlesscasewhichweareconcernedwith.Theproofrequiressometypicalmodel
systemandwillbegiveninthenextsection.Thus,wegettherateconstant(=んRp)for
DETIPmechanismintheform:
1・.・弓kt£,・1tf,12[n・F(ω・)・(nl+1)F← ω・)] (23)
with
tt`≡〈 弼 ～lUilψrp>/(2MitOi/h)ve(24)
wherethesummationistakenoveronlyP-modes,andF(± ωi)meanstheFranck-
CondonfactorwhenaphononquantumofP-modewithfrequencyωiisemitted/
absorbedattheETevent,respectively.
InthelinearapproximationoftheelectronP-modephononinteraction,nointerfer・
enceappearsbetweentheseETprocessesof(21)and(23),givingthetotalrateconstant:
k.t=ん ρA十 島RP.(25)
Whenoneseparatestheclassicalpolarmediummodesfromthesummations(22b,c)
andperformthetimeintegralof(22a),onegets
ロ
F(ω)-exp[-G']n'
、Σ[(nj+1)/巧]以 ∫～(2Sj[nj(η・+1)]ve)
む=一。。
×(4・ 々,TE,)一'n・・p[一(海 ω+AE-E・ 一 Σ'助 ω・)2/4E・h・T]'(26)
wherel.(2Z)i・th・m・difiedBesselfun・ti・n・f・・d・ n[26];Sj≡ ∠1/2isac・upli・g
constantforthej-thA-mode.E、isthetotallatticerelaxationenergyduetoallthe
classicalmodes;G'コΣtSj(2nj十1);thesummationΣ'andtheproductn'areboth
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takenoverthequantumA-modes.Theprincipalroleoftheseclassicalpolarmedium
modesistosmoothouttheF(ω)vsdErelationovertheGaussianbroadeningsatisfying
海ω ≦2(Ec丘 βT)ve<<S海 ω,(27)
whereωandSdenotethemeanfrequencyandthemeancouplingconstantofhardmode
phononsdominantlycoupledwithET,whichhasbeenidentifiedtobepossiblythe
pendulummotionofthepolarresidues(imidazole)closesttotheconjugatedπ－electron
macrocycles(hωj=300-600cm　 1).Hardmodesormolecularvibrationwithmuch
higherfrequenciesareassumedtobenegligiblebasedontheargumentin2.C.Then,eq.
(26)reducesto
F(ω)㍉ 三 ・xp卜 ・(・E+1)]・(・・[fi(万+1)]1/2)
×[(n+1)/万]"2,(28)
with
P=(∠IE十 充ω －Ec-Es)/苑 ω=(4E'十 海ω)/允 ω,(29)
万=[exp(力 あ/々 βT)-1]-1,
whereEs(=Σ'hωiSj－ 力ωS)denotesthenuclearrelaxationenergyduetothecom'
parativelysoftquantummodeswithmuchlower-frequencythanωanditisassumed
thatEs<<hω.Theseassumptionsexplainwhytheobserved々RpvsTrelationsin
photosyntheticbacteria[5,9,12,19]becomeconstantbelowTo=ha/4々β～130-150
K.Forlaterpurposes,wegivethesemiclassicalapproximationofeq.(28):
F(ω)=詰D・xp卜(カ ω+,6ξ一λ)2],(・ ・)
1)=h[号S∫ ω多)(2nj十1)],(31)
whereλ=ΣjSjhωj.
Asdiscussedinsubsection2.D,inbothbiologicalandchemicalsystems,thecha-
racteristicfrequencyoftheP-modemolecularvibrationmaybeassumedtobelow,
satisfying
(ω`一 ω'`)[λ一 ∠E-(ω`十 ω'∂/2]<<D2,(32)
whereω;meansthecorrespondingfrequencyfortheisotope-exchangedsample.Then,
wecouldneglecttheP-modefrequency-dependenceofF(±ωi)ineq.(30),sothat
〃。。弓 π1嬬 ・1・F(・),(33)
with
PtRP=Σ≒itf:i2(2n,十1).(34)
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ThisformulawillbeusedtoassesstheH20/D20isotopeeffectincytochromeoxidation
_reductionreactions.
3.ElectronTransferMatrixElements
3.A.One-DimensionalModelforElectronTransfer.Pathway
TherelativeabilityofmoleculestoactaspotentialbarriersfornonadiabaticET
betweenD-andA-sitescanbestudiedratherdirectlybymeasurementsonthesepara-
tion-dependenceoftherateconstant[34,35]
kRP(R)=丘RP(Ro)eXP[一 α(R-Ro)]・(35)
Thisexponentialdependencehasbeentakenasarisingfromthedirectelectron-transfer
mechanism[22,26,50],althoughcomplicatedrealsystemsseemtomakedifficultto
establishthispicture.Ifthismechanismiscorrect,thecoefficientαshouldreflectthe
bindingenergyoftheelectron,namelythebarrierheightofthepotentialalongthe
electrontransportpathwaywhichgovernstheexponentialdecayrateofthewave
functions.Apparently,however,thereactantandproductstatesatageneralnuclear
configurationQmusthavedifferentbindingenergiestoeachotherdependingonQ,
whicharedefinedas-h2Xal22mand-h2Xbl22mrespectively.Hence,weaskwhat
bindingenergycorrespondstotheobservedα.
InFigure3,weschematicallydepictthediabaticpotentialenergysurfacesforthe
reactantR=(D:A)andtheproductP=(D+:A-)alonganintrinsicreaction
coordinateQ.Forsimplicity,weadoptthesingle-harmonicoscillatorapproximationfor
thepredominantA-modes,asgivenby
VR(Q)一 隅 ω2(QQ・)・+・ ・n…(36・)
and
Vp(Q)一 当2(Q-Q・)・ 一 ・E・+・…t'・(36b)
where万andあarethemassandthefrequencyofthisA-moderespectively;AE'isthe
energygapinthissubspace,andthetwoequil輌briumpointsatQ=QoandQ=Qpare
denotedinFigure3.Itisconvenienttomeasurethesepotentialenergiesfromthetopof
anone-electronpotentialbarrieratQ=Q,(≡classicaltransitionstate).Then,the
bindingenergyoftheelectronatQ=Q、isgivenby-Vl～(Q,)or-Vp(Q,)sothat
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h2×2t
const.=-2m
ルfω2
2
(Q,-Qo)Z (37)
SincethepredominantA-modesofmolecularvibrationaresupposedtobelocalizedon
eithersiteofDorAfarapartfromtheB-region,oneexpectsonlyalittlechangeofthe
topoftheelectronicpotentialbarrierasafunctionofthenuclearcoordinateQ.Then,-VR
(Q)and-Vp(Q)approximatelygivethebindingenergiesoftheelectroninthereactant
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Fig.3.DiabaticpotentialenergiesvsnuclearcoordinateQoftheeffectivequantumA-modefor
thereactantR=(D:A)andtheproductP=(D+:Aつstates.Theseenergiesaremeasured
fromthetopofthepotentialbarrierfortheelectronattheclassicaltransitionstate(Q==Q,).
ThebindingenergiesofR-andP-statesatanyQaredenotedbyX‖andX6respectively,
bothofwhichbecomeequaltoX～atQ=Q,,whereX…standsforh2Xl/2m.
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andproductstatesatanyO,respectively:
警告 －w(Q) (38a)
and
カ2x多 _
2m
－Vp(Q) . (38b)
Next,inordertoobtainthereactantandproductwavefunctions,VRandψト,asa
functionofthebindingenergy,XltandXkrespectively,wewilladoptone-dimensional
doublewellpotentialsfirstlyusedbyRediandHopfield[24],asillustratedinFigure4.
Inthepresenttheory,however,thismodelisintendedtorepresent"quasi-onedimensi・
onal"electrontrahsportpathwayalongaseriesofpolypeptidesand/orcarbohydrateside
chainsinbiologicalsystems.
RediandHopfield[24]consideredasemi-infinitesquarewellpotential:V(z)={o。
forz≦-a,-Voforr2≦z〈0,andOforO〈z〈oo}andperturbation-theoreticaliy
(川(ii)
?
?
? ??? X2
lll{ll
-一→toト ー →lb:E-一 ー 一→1∫oド ー →{br-
ll1llI`・
Fig.4.One-dimensionalmodelofthedoublewellpotentialforanelectrontransferingalongthe
bridgingchainbetweendonorandacceptor:U(r)一Σu」(r)Q」,inthenuclearconfigurationat
(i)generalQand(U)Q=Q」(classicaltransitionstate).
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solvedtheSchrOdingerequationtogetthelowestboundstatesolutionwhichis4「(z)
=価 万sin[(z十α)んo(1-1/aX)]inregionイz<z<OandX(の=厄(ん(/X)
exp[_Xz]inregionO<z<oo,withtheeigenvalueE=一 力2X『/2m≡ 一 γo十 方2んii/
2m,where々o=融.Thiswavefunctioniswellnormalizedandhasanapproximately
continuouslogarithmicderivativearoundz=OunderthedeepwellconditionαX>>
1.
InFigure4(i),wedepictadouble-wellpotentialgivenbythesumoftheabove
modelpotentialanditsreversedandshiftedpotentialwithinequivalentparameters;(α,
XR)and(b,Xp)respectively.WhenthebarrierwidthRissufficientlylargetosatisfy
RXR>>land1～Xp>>1(39)
andthefollowingdeep-wellconditionshold
aXR>>landbXp>>1,(40)
thereactantandproductwavefunctionsareapproximatelygivenbyinregion
－a〈z<0 ,賜(z)≡
{。.z〈R+b,q.(z)≡
(2/a)sin[(9十 α)(1-1/aXR)(π/a)]
(2/α)(π/aXR)exp[-XRZ]
(41a)
(41b)
and
－a<z<R ,砕(z)≡(2/b)(π/bXp)exp[-Xp(R-z)](42a)
{R〈z〈R+b,,,.(z)≧(,/b)、 、。[(、.R.。)(1.1/、Xp)(。/、)]
(42b)
respectively.Asmallbutnonzerononorthogonalityofthesewavefunctionsdoesnot
causeanyapPreciablecorrectiontoourresult.
ItapPearsthattheexponentialtailsof顧(e,Q)and砕(k,Q)stronglydependupon
QviathequadraticvariationoftherespectivebindingenergywithQ.However,athigh
temperatures,EToccursviathetransitionstateat(?=Q,,whichmeansthatwemayput
Q=Qtinψk(z,Q)and砕(g,Q).Whetherthisapproximationisgoodornotatlow
temperaturesseemstodependonthesituation.Thispointwillbediscussedinthenext
sectlon.
3.B.TheElectron-P-modePhononInteraction
Intheelectrostaticmodelfortheelectronphononinteractions,asdevelopedin
section2、B,thediagonalmatrixelementoftheelectrostaticforceduetotheelectronand
theholeactingonthepolarresiduesisintimatelyrelatedwiththenon-diagonalmatrix
elementoftheelectrostaticforceactingontheP-mode,becauseofitslong-rangenature.
Theformermatrixelementl〈VRIUi1ψk〉 一 〈 聾luil砕>1,couldbeestimatedfrom
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thekineticsdatawithsomereliability,whilethelattermatrixelementl<VRluilψ 』>
maybehardtobeestimatedfromthefirstprinciple.Ifweadoptaone-dimensionalmodel
forψrRandψrpandlongイangeelectrostaticmodelforuj,thismatrixelementdiverges.
Hence,weneedatleastlocalthree-dimensionalextensionofthewavefunctionsalong
theETpathway.But,toavoidgettingintosuchadangerousjungle,wepreferanorder
ofmagnitudeestimationasgivenbytherelation
l<砕IUilψrp>1=SRP(Zj/Z)1〈 弥lul砕 〉 一 く 砕lulψP>1(43)
with
…-Ll砕(・)・ ・p(z)1・・<<1・(・ ・)
w}ieretheoverlapintegralSRpshouldbetakenonlyoverthewholebridgingregion
betweenDandA;inthesinglequantumA-modeapproximation,Zistheionicchargeof
thepolarresidueanduisthecoulombforceprojectedontothevibrationaldirection.
Fromthesinglemodeapproximationofeq.(19),wegetarelation
l〈UTRIIul砕 〉 一 く 仰;1砕>1・1〈OP.lii1蝶 〉 一 く 埠1憂1碑>1
=(2Eλ,)1/2=(2h五ZsZ元3)1/2,(45)
sinceλ'=カ ωS.TheoverlapintegralSRpmaybewellestimatedbytheone-dimensional
modelpotentialfortheelectronasdepictedinFigure4(i).Substitutingeqs.(41b)and
(42a)intoeq.(44),oneobtains
SRP.=2π2(ab)-EY2XR-1Xp}1(XR-Xp)-1[exp(一 ・RXp)-exp(-RXR)]
=145(ab)-3/2X-R-1Xp-1(XR-Xp)-1[exp(-0.514RXp)
-exp(-0 .514RXR)],(46)
whereinthesecondexpressiona,band1～aretakeninunitsofA,whilexltandx多inunits
ofeV.
OnlytheSRPisresponsiblefortheQ-dependenceofTl～pofeq.(13).Inorderto
investigatetheeffectofsuchstrongQ-dependenceontheETrateconstantgenerally
givenby
… → πΣ・・1・f・(E,-E・)1・ilT・・ f 1《(47)
wemustcalculatethematrixelementsofTRpbetweentheinitialandthefinalnuclear
wavefunctions,li>andIf>respectively,foranumberofvibrationalstates.Athigh
temperatures,itisapparentthattheactivationprocessisdominantandsowemayputXR
=Xp=X,inSRp.But,atlowtemperatureswherenucleartunnelingisdominant,this
apProxlmatlon,1.e.
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SRP・ ・Skp=2n2R(ab)-at2Xt-2e"o・5'mXt
=74 .5R(ab)-312Xt-2e-o'51u～x'(48)
mustbechecked.Forthispurpose,itwouldbeenoughtoconsideramatrixelementofSRp
betweentheground-stateharmonic-oscillatorwavefunctionswithshiftedoriginsto
eachother.Thisbringsanenhancementfactorgfortheground-statematrixelement二
・・ ≡;ll駕二ll;;…(49)
with
l・・ 一 階)v`exp[一 袈Q2] ,(…)
1・'〉一 曙)v4・xp[一¥t(Q・-Q)2] ,(・ ・b)
and
iii-R(X。1.X。){・xp[-R(X・-Xl)]一 ・xp[-R(X・-Xt)]}
㌔ 。+β 。)1(Q-Q,){・xp[一 β・(Q-Q')]一 ・xp[β・(Q-Q')]}・(51)
where
βR=mルfω21～(Qp-Q,)/h2Xt(52a)
and
βP=mMω2・R(Q'-Qo)/h2X,.(52b)
Intheabove,weretainedonlythefirstpowertermsintheexpansionsofXR-XtandXp-
X`withrespecttoQ-Q,usingeqs.(36a)一(38b),becausehigherpowertermsareof
minorimportance.Then,itisstraightforwardtoget
・一(β・・β・)-1∫:・ξ xpL(Qr睾 ・)ξ・ 、鵠] ,(53)
whereweputQo=0.Themaximumvalueofthequadratictermintheabove
exponentialfunctioncanbeestimatedaccordingto
鵠 一・・31・1・一・R箋ω(Q∫1-Q,)1(54)
whereR,QAandQtaretakeninunitofA,andωandxlinunitofev.Forinstance,inthe
・yt・・h・・mec・xid・ti・n・ea・ti・n・pecifi・dbyaset・fp・ ・amrters(R・=13A・Q・ 一 ・・21A・
Q'=0.08A,石=0.07eV,X㌍L36eVandλ'=2.03eV:(seesection5)),eq.(54)is
estimatedtobeO.22.Sincethistermisnegligible,eq.(53)reducesto
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・一(β.+β。)-1(警 －Q,)-1{・xp[β・($.L-Q')]
一 ・xp[一βP(睾LQ,])}
, (55)
where
β・($・-Q・)一・・257R量'(1-81)(1-;9')(56・)
and
β・(¥・L-Q')一・・257票'61(1一る9り(56b)
inthesameunitsasineq.(54).Inthesymmetricalcase(Qp=2Q,),oneobtainsg=1
(noenhancement)asaresultofcancellation.TheETreactionsinthenormalregionfar
fromtheactivationlesscaseareconsideredtobeclosetothiscase.Forexample,inthe
,amecyt。,h・ ・m・ ・xid・ti・n・ea・ti・na・discussed・b・v・(Q。-o.21A,Q,-o.08Ai・
additiontotheparameterscitedabove)oneobtainsg=(0.86十 〇.53)(eo'e6-en'53)=1.2,
aminorcorrectionfactor.However,theETreactionclosetotheactivationlesscaseorin
theinvertedregionsuffersappreciableenhancementduetothiseffectatlowtempera-
tures.Theobservednegativeactivationprocessesinthereactioncentercomplex[12,19]
canbeexplainedbythiseffect(whichwillbediscussedinaforthcomingpaper).In
conclusion,theapproximation(48)wasfoundtobevalidonlyinthenormalregionfar
fromtheactivationlesscase.Thenonecanusetherateconstantformulaofeq.(33),in
whichwiththeuseofeqs.(43),(45)and(48),PtRpcanberewrittenas
PtRP=苑 あS`RP[SΣ`(Zi/2)2(M/Mi)(㌫/ω`)(2ni十1)]1!e.(57)
3.C.DirectElectron-TunnelingCurrent
Thedirect-electrontunnelingmatrixelementTDAmustbecalculateduponthe
resonantnuclearconfigurationatQ=Q∫.Forone-dimensionalmode1,TDAofeq.(9)
reducesto
TDA-一芸[erR(・){£erF(・)}-er・(・){酷(・)}]1・-R/・・(・8)
Becauseoftheconservationofelectroncurrent,ther.h.s.ofeq.(58)doesnotdepend
uponthecoordinatezoftheboundarysurface.Usingeq.(41b)forψtRandeq.(42b)for
ψちwithXp=XR=X,,onecanget
TDパ=2π2h2m-1(ab)-y2X戸exp[-1～X,]
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=290(ab)一 級X戸exp[-O.5141～X,]eV(59)
inunitsofAfora,bandRandevfor.xl,wherethenumericalpreexponentialfactorO.135
x;i(atα=b=gA)ineq.(23)ofRef.[24]wascorrectedintoathreetimeshighe「value
of290(ab)一ひX,-i・
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Fig.5.RateconstantvstemperatureforcytochromeoxidationinRhodpseudomonasspNW.Data
pointsarefromKiharaandMcCray(1973);0,H20assolvent;●,D20assolvent.Thesolid
lineisafittotheH20datausingeq.(33)with(28)andthebrokenlineafittotheD20data.
4.TheDeuteriumIsotopeEffect
Figure5showsKiharaandMcCrays'data[9]ofcytochromecoxidationreaction
ratesinRhodopseudomonasspNWlyophilyzedwholecells,reconstitutedinH20and
D20,andmeasuredatvarioussampletemperaturesfrom300Kto77K.Theserates
・ig・ifi・antlydi・pl・yth・2'/2i・・t・peeffect,i.e.k。,、。,。,/kRP,。,。、 ≡21/2・withi・th・
experimentalerror,±0.1,atalltemperatures,andalsothesharptransitionfromlow-
temperaturenucleartunnelingtoahigh-temperatureactivationprocesssimilartothe
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firstexamplediscoveredbyChanceandDeVaultinChromatiumvinosum[5,6].To
interprettheabsoluterequirementofwaterandthe万 「isotope.effect,Kiharaand
McCray[9,10]assumedthatwaterisdirectlyinvolvedintheETprocessitselfandthat
theremightexistanarrayofo;ientedwatermoleculesbetweenelectroncarriersas
cellularwaterhasbeenshowntobemorestructuredthanpurewater,andthatETmight
takeplaceviatheeffectivediffusionaltransferofahydrogenatomthroughawater
bridgeincluding"transfer"and"rotation".However,suchhydrogenatomtransfermust
occurbytunnelingatlowtemperaturesandshowmuchstrongerisotopeeffectthanthe
observed.KakitaniandKakitani[31]triedtoexplaintheabovedatabyapplyingthe
Lin'sformulafortheFranck-Condonfactorwhichallowsonlysmallchangesof
vibrationalfrequencies[57]totheassumedcaseoflargefrequencychangesunderan
additionalquestionableassumptionasregardsthemass-dependenceofparameters.
ItisimportanttonotethatathightemperaturestheFranck-Condonfactoratω;0,
i.e.F(0)ofeq.(30),dependsonlyonthelatticerelaxationenergyλwhichbecomesin
turnindependentofallnuclearmassesaswillbeseenfromexpression(19).Further-
more,itisobviousthatTDAisindependentofallnuclearmasses.Hence,inprinciple,the
directelectrontunnelingmechanismcouldnotexplainanyisotopeeffectatleastathigh
temperatures.Therefore,nextwemustconsidertheDETIPmechanism.
Insection2.D,itwasfoundthatafavorablecandidatefortheP-modeofmolecular
vibrationistheout-of-planetorsionalmotionofahydrogenatomintheintermolecular
H-bonds.Theremaybeanumberofintermolecularhydrogenbondsinbiological
electron-transfercomplexes.RecentX-raycrystallographicstudyofcytochromec3at1.
8AresolutiohbyHiguchietal.[58]succeededtoanalyze16intermolecularhydrogen
bondsamongwhich9includeatleastawatermoleculeＬnthisexample,theprotonof
thewatermoleculeformsahydrogenbondwitheitherOatomofthemainchainorN
atomoftheresidueofAsn.However,oneexpectsonlyoneorafewofthemmightbe
involvedinthemostefficientETpathway.ExperimentalresultsbyKiharaandMcCray
[9]suggestthattheseprotonsmostprobablybelongtothestructuredwatermolecules
whichcanbeeasilyremovedbylyophilyzation.
Sincetheforceconstants,{勾,donotdependuponatomicmasses,theP-mode
frequenciesintheH20andD20samplescanbewrittenas
ω 岬,一(ん 吻 ・)ve・ndω 、(。,一(lei/2m・)ve・(60)
wherempistheprotonmass.Substitutingeqs.(60)into(57),onecangettherelations
蠕 ・、。P、一 両S`・[(SMω 御 ・-ve/Z2)Σ ・(Z?t/・/'E;,')(2ni+1)]1M
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、
・.2V4ptRp
、。。,・(61)
wh・ ・e・・ ≡ ・、、。
,。,・;一 ・、,。、。,andth・i・・t・peeffectwhi・h・・i・esf・m(2・ ・+1)/(2
ni十1)wasneglectedforsmallωi(=300-600cm-1).Thus,iftheFranck-Condonfactor
F(0)doesnotshowtheH20/D20isotopeeffectevenatlowtemperatures,weget
々・P、。P、/々・・、。,,≧2ve(62)
atalltemperaturesinagreementwithKihara-McCray'sexperimenta[results.
Here,itisimportanttorememberthattherelation(62)reliesuponthelow
frequencycondition(32)whichallowstoapproximateF(± ωi)byF(0)ineq.(23).
Moregenerally,butundertheconditionthatん`ニ 々pforeveryi,theisotoperatioofrate
constantisfoundtobeVス 「timesacorrectionfactor:
ζ－e・㌃鵠 辛i㌃‡8祭 ≡鵠 ,(63)
wh・・eω・ ≡Mblm・ ・ω・一 ωノ 》「「2… 一 ・、、。,。,・・nd・・ 一 ・、,。,。、」 ・th・n・・m・1・egi・n・f
ET,wefindthatF(ωp)≦F(ωd),F(一 ωp)≧F(一 ωd),andalwaysnp≦η4.Inaddition,
theanharmonicityofthemolecularvibrationisknowntoreducetheR-factorintoVf2一
ζb=1.29-1.41dependinguponthesituation[52].ThethreeisotopeeffectsofnOfnd,F
(一ωp)/F(一 ωd),andζbtendtocanceltheisotopeeffectduetotheFranck-Condon
factor,F(一ωp)/F(一 ωば),resultinginζ=1atlowfrequencies.
5.EstimationsofElectron-TransferMatrixElements
InthenormalregionfarfromtheactivationlesscaseandforlowP-modefrequencies,
therateconstantwasfoundtobedescribedby
… 一]語 路 ・12exp[－S(2n+1)]
・ ・p(・S[万(万+1)]1・2)(η;1)pn (64)
with
ρ ・=(4E-Ec-Es)/充 ω=∠E'/カ ω,(65)
whichisobtainedfromeqs.(25),(28)and(33)ifTDA<<TR:[p・
Inthissection,weinvestigatetheelectrontransferreaction:
(()ytc):(8C川)i-一 ウ(()ytc)+:(8C川)2(66)
inwhich(ろ"cmeansthehigh-potentialcytochromecinRhodopseudomonasi…旦.NW.
Thisreactionseemstobeinthenormalregionwhereeq.(64)isapplicable.
ThekRpvsTdatainFigure4canbefittedtoeq.(64)todeterminetheparameters;
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ω,SandTRIIiixWeascertainedthenumericalanalysisofthesedatabyBlankenshipand
Parson[59],usingtheenergygap,∠ 、E'=0.45eV,obtainedfromtheredoxpotential[60].
InFigure5,thesolidlinedenotesareasonablefitfortheH20datawithha=0.07eV,S
=29 ,andTRII[p=1.15x10-3eVandthebrokenlineisafitfortheD20datawiththeカ ω
=0 .07eV,S=29,andtrRlip=0.97×10-3eV.Thefittedvalueofhco=・0.07eVisnicely
compatiblewithourtheoreticalconsiderationsforthemostprobableA-modesdescribed
insection2.C.
Now,letusestimatetheETmatrixelementofeq.(57),whichisgivenby
PtRP=カ あS`p(Zp/z)[(M/〃lp)(あ/ω ρ)SハXp(2np十1)]ve(67)
where!vρisthenumberofP-modes,Zpistheeffectivechargeoftheproton(ZpnyO.31e
linwater),andωpdenotesthemeanfrequencyoftheO-Htorsionalmotioninthe
intermolecularH-bondsconnectingcytochromecand(BChl)2.ThenumberofsuchH-
bonds,∧「p,iscompletelyunknown,butisexpectedtobeasmallnumberbecausethereis
aljttepossibj】ityforpluralETpathwaystoworkatthesametime.Hence,∧lpistakenas
aparameter.Thetwodegreesoffreedomforeachwatermoleculecanbedecomposedinto
twoindependentorientationa】vibrationsaroundtherotationa】axes:onebisectlngtheH
-0-HangleandtheotherpassingthroughthecenterofgravityofH20inparalleltothe
H-Haxis.Inthissense,thepresentmechanismofpromotiveETappearstobeonthe
samelineasthesuggestionof"waterrotation"byMcCrayandKihara[10].
TheX-raycrystalstructureofthebacterialphotosyntheticreactioncenterinRps.
viridis[36-38]isassumedtobethesameforotherbacteriaspeciessuchasRhodops-
eudomonassphaeroidesandChromatiumvinosumanditisalsoassumedtobetransfer-
abletotherate-measurements.Then,theedge-to-edgeseparationoftheclosestheme
ringandthechlorophyllpyroleringisapproximatelyllAandthediametersofthese
ringsprojectedontothecenter-to-centeraxisapProximately8Aforbothαandb.we
taketheeffectiveedge-to-edgepathlengthtobe1～=13A,2Alargerthantheabovell
A.
Thelastproblemistodeterminethevalueofthebindingenergy,Xl、Rediand
Hopfield[24]estimatedthebindingenergyoftheelectroninthecytochromecaccording
toanapproximaterelation,Xl=hソ 十X♪2-∠E,wherehレ(=1.3eV[61])istheoptical
absorptionenergyofthe(BChl)2moleculeandX♪2representsthebindingenergyofa
photoexcitedelectroninthe(BChl)2molecule.Frommeasurementsofphotoexcited
tunnelinginmonolayerassemblies,Kuhnhasshownthattheexcitedstateofadyeina
hydrocarbonmatrixhasabindingenergyofO.7eV[62],whichwasusedforX♪2byRedi
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andHopfield.SincedEzO.45eV,onethengetsXl=1.55eV.Thisindirectmethodisin
itselfquitereasonablebutstillquiterough.Asmentionedinsection3.A,themeasure-
mentoftheseparation-dependenceoftherateconstant,eq.(35),canprovideamore
directwaytoobservexlbyanapProximaterelationxlz1.03αevwithαinunitofA-1.
Bythepulseradiolysismethodat77K,Milleretal.[34]havemeasuredtherate
constantsofETreactionsbetweenaromaticmoleculesrandomlydistributedinarigid
organicsolidandshowedthattheratesdecreaseexponentiallywithα=L2A-1.Further,
McLendonetal.[35]havestudiedETreactionsinarigidpolymermediumbyfollowing
thereductivequenchingofaseriesofRu(LL)i+★homologuesbyaseriesofaromatic
aminesandobtainedtheexponentialdampingfactorα=1.o±o.02A-1fortheredox
coupleofRu(ester)3C1夢/TMPD(tetramethyLp-phenylenediamine)inLexaneandα=
1.28±o.2A-iforRu(me2phen)3c12/TMPDinLexane.Theselowvaluesforthebinding
energyweretakenasindicativeofthe"superexchange"mechanism,becausetheyare
muchsmallerthantheroughly5eVET-barrierexpectedfromthemeasuredTMPD
ionizationpotentials[63].However,thisisnottheonlywaytounderstandsuchlow
valuesofthebindingenergies.Rather,chromophoresinpolymericmediumisconsidered
toProvideakindof"impurity-levels"betweenthe"conductionband"andthe"valence
band"ofthepolymersothattheenergygapbetweenthe"impuritylevel"andthe
"conductionband"minimummightcorrespondtosuchlowbindingenergies
,whilethe
energygapbetweenthe``conductionband"andthe"valenceband"mightcorrespondto
suchahighionizationpotentialofthepolymer.Thisview,similartoone-electronpicture
oftheelectronicstatesinp-typesemiconductor,isadoptedthroughoutthispaper.Once
thebindingenergyforreaction(66)isgiven,the``conductionband"levelinthereaction
centercomplexisdeterminedandhencethebindingenergiesforotherelementarysteps
canbeestimatedtobeusedtocalculatetherateconstants,whichcanbecomparedwith
experiments.Hence,Xlcanberegardedasanadjustableparameterwithinthemean
value1.31±0.3eV,togetgoodagreementswithexperiments.Inthissense,weassume
X～ ・=1.24eV,whichwillbefoundtobeapproximatelyideal.
Thus,wearereadytoestimateTRe[pofeq.(67)witheq.(48).Substitutingthe
estimatedvaluesofparametersforreaction(66),i.e.R=13A,α=b=8A,andx～=
1.24eV,intoeq.(48),onecanevaluatetheoverlapintegralas
Slt・;;・74・5・8-3xl3×1・24-1e .・p仁0・514×1・240'5×13] .(68)
=ご8.95×10-4.
Further,byassumingthependulummotionoftheimidazoleligandsfortheA-modeand
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theout-of-planetorsionalmotionofprotonsintheintermolecularH-bondsfortheP-
modes,wecanestimatePtRPas
PtRp=0.07×8.95×10-4×(0.3/1)×[78×(0.07/ω ρ)
×29」～}(2np十1)]1/2ニ(1.04～1。55)×10-3Vワ ▽7eγ(69)
forωp=500-300cm-'atT=300K.TheparamteterNpinourtheorycanbedetermined
byequating(69)totheexperimentalvaluel.15×10-3eV:
Np=1.2～0.6.(70)
ThisresultseemstobequitereasonablebecausethemostefficientETpathwaysshould
besmallinnumber(normallyone)andbecausetheabsoluterequirementofwaterfor
thereaction(66)impliesthatallintermolecularH-bondsincludingnowatermolecules
donotwOrk.But,thisresultshouldnotbetakenwithoutreservebecauseitisindeftedto
thechoiceofxt2=L24eVasmentionedabove.
Ontheotherhand,thedirectelectron-tunnelingmatrixelement,Tl)Aofeq.(59),is
calculatedtobe
TDA=390×8-3×1.24-o'5exp[-0.514×13x1.240'5]eV
=3 .0×10-4eγ(71)
forthesameparametervaluesusedabove.Thisvalueismuchsmallerthantheex・
perimentalvalue.
6.Discussion
6.A."ElectronTransportPathwaプ
Thequasi-onedimensionalmodelfortheETpathwayhassucceededtopredicta
reasonablenumberofpredominantP-modesinthecytochromeoxidationreaction(66).
Namely,onlyoneETpathwayappearstobefunctional,inwhichawatermoleculeis
involvedtoformaH-bondbridgebetweenpolypeptidesegmentsonD-andA-sites.
Micheleta1.[38]suggestedthatTyrLl62maybeinvolvedinETfromthefactthatat
theinteractionoftheL-Mlocaldiadandthecytochromecontactitssidechainislocated
betweenthehemeofthecytochromecand(BChD2.Thispathwayiscompatiblewith
ourtheoryinthreepoints:(i)theeffectiveedge-to-edgepathlengthmightbeCloseto
ourchoiceofR=13A;(ll)theresidueofTyrcanmakeahydrogenbondwithwater
asschematicallyshowninmode1(72)and(血)theterminalproton(H')canbeeasily
exchangedwithadeuteriuminD20.Inthisexample,itisseenthattheout-of-plane
motionsofhydrogenatoms(H'andH")canstronglycouplewiththeπ 一〇rbitalelectron
ineachmoleculebuttheirin-planemotionscannot.
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＼
(72)
、、
、＼(BChl)E
Theconceptofelectron-tunnelingthrough"electrontransportpathway"isbasedon
theFeynman'spathintegralwhichallowsanon-linearpathway.Therefore,theg-
coordinateintheone-dimensionalschr6dingerequationcanberegardedasthecoord-
inatealongthepathway.Then,Rdoesnotmeanthespecialedge-to-edgedistancebut
theeffectiveedge-to-edgepathlength.Further,thebindingenergyoftheelectroncan
takeaclearphysicalmeaningoftheenergygapbetweenthe"conductionband"min・
imumofthechainmoleculeandtheelectronic"impurity"1evelinreactantorproduct
states.Finally,weshouldemphasizetheimportanceof"orbitalsymmetry"whichcan
leadtosomeselectionrulefortheefficientpathway(e.g.see[32]).
6.B.TheRateConstant
WhentheeffectiveETpathwayincludingP-modesofmolecularvibrationwithlow
frequencyisavailableandwhenthesinglemodeapproximationtothequantumA-
modesisappropriate,theETmatrixelement7『寛pcanbegenerallyestimatedbythe
formula(73)determinedfromeq.(67)withuseofω=0.07eV,S=29,Z=1andル1=・
78:
PtRP=0.88SkpZ.[ノVp(2np十1)/MptUp]veeV,(73)
whereSkpisgivenbyeq.(48).InthesemiclassicalapproximationfortheFranck-Condon
factor,fromeqs.(30)一(33),therateconstantkRpisgivenby
…=・ ・…1・15λ 癬 弄)i。 ξ ・xp卜(AE－ λ4λんβTξ)2],(74)
inunitofs-1,where
ξ=(h;/2kβT)coth(hEIJ/2kβT).(75)
Thisformulawillbeusedtocalculatelifetimesofelementary(ET)processesinthe
reactioncentercomplexinthenextpaper.
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6.C.ComparisonswithOtherExperirnents
HoffmanetaL[64]havestudiedlong-rangeelectrontransferbetweenchromop-
horesusingmixed-metal[Zn,Feln]hybridhemoglobins.Flashphotoexcitationofclosed
～shellzincprotoporphyrin(ZnP)toitstripletstateinitiatestheprimaryprocessofET
totheaquaferriheme(FeiiiP):itsrateconstantk,wasmeasuredasafunctionof
temperature.Astheresultofleast-squaresfitofthedatatoeq.(74),HoffmanetaL
obtainedasetoftheparameters:海 ω=0.047eV,(AE－ λ)2/4λ=O.244eVandkRp=1.76
×1016×7言p(eV)2/厄s-1=2.14'×105s-1.Iftheintermediateproductsofthe
reaction,ZnP+andFeliP,areintheirgroundstates,AE≒0.8eV,resultinginλ=2.3eV
(anotherrootO.27eVisinappropriate)andPtRp≡(3～4)×10-6eV.
Thebindingenergyofthisreactionmaybbestimatedfromtheenergylevelofcytc
re】ativetothe"conductionband"miniMum(～1.55eV)minustheactivationenergyO.
244eV,i.e.Xlた1.31eV、Althoughthespacialedge-to-edgeseparationisabout25-4
×2=17A,theeffectiveETpath】engthRseemstobesomewhat!argerthanthis.
AssumingthattheETpathwayinvolvesoneintermolecularH-bondwith～Vp=1,Zp=
0.3andωp=0.062eV,weinverselyestimateRfromtherelation7高 ≧1.16Sltpwitheq.
(48)(a=b=8A).TheresultisRz20±lA.Thisvalueseemstobereasonable.In
thisreaction,however,wecannotneglectthedirectelectron-tunnelingmechanism[22]
sinceTDAofeq.(59)isestimatedtobeabout3.8xlO-6eV(forXl=1.31eV,R=20A,
anda=b=8A),w .hichisaslargeasTRI}lp=3.6×10-6ev.
PotasekandHopfield[23]triedtoverifyexperimentallythevibronicallyassisted
electron-tunnelingbymeasuringtheposition,width,andmolarextinctioncoefficientof
aweakcharge-transferopticalabsorptionbandintheboundmodelsystem,cytopchrome
c-Fe(CN)6,atroomtemperature.TheauthorsderivedempiricallytheETmatrixelement
asPtRP=1.70×10-2/、Ro(A)evwhereRoisthedistancebetweenthecentersofthe
donorandacceptor(10くRo<25A).Here,itshouldberememberedthatthesame
cytochromec-Fe(CN)6systemhasbeenexaminedbyMcCrayandKihara[10]to
demonstratethatthe21/2isotopeeffectof(62)isapproximatelyfothndintheoxidation
reactionofreducedcytochromecbyferricyanide.IftwoH-bondsareinvolvedintheET
pathway(Np=2,Zpた0.3andカ ωp=0.062eV),wegetfromeq.(73)PtRp=1.64SkpeV.
Thisrelationtogetherwitheq.(48)leadstoanequation
1～01～=3.53×10-2Xlexp(0.514X`1～),(76)
whereweputa=8A,andb=5A.Foragiven1～o,RmustbelargerthanRo-(α+b)
/2=Ro-6.5A.Ifthecytochromecandtheferricyanidearetightlybound,Ro鴛19±
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lA.Theneq.(76)gives1～=14.1±0.1Af6rxf=1.4evand1～=14.9±0.lAforx～
=13eV .Theseparametersseemtolieinareasonabierange.Fromeq.(59),wecanverify
thatthedirectelectrontunnelingprocesscanbeneglectedinthisreactiqn(e.g.TDA=
1.8×1『4ev<<R姦=8.9×10-4evforRo=19A,R=14.lAandx?t=1.4ev).
6.D.Summary
Inthispaper,wedemonstratedthattheDETIPmechanismcanovercomethe
conventionalelectrontunnelingmechanismwhentheelctron-P-modephononcoupling
isenhancedowingtothequasi-onedimensionalityoftheETpathway.Inthecytochrome
coxidationreactionby(BChl)『,thepredominantP-modewasindicatedtobetheout
-of-planetorsionalmotionofintermolecularH-bondsincludingawatermoleculealong
thepathway.WeshowedthatsuchadeuteriumisotopeeffectasdiscoveredbyMcCray
andKihara[9,10]cangenerallyoccurwhenthefrequencyofthetorsionalmotionis
sufficientlylowandtheprotonisexchangeablewithadeuterium.Anotherimportant
aspectoftheDETIPmechanismistheQ'-dependentETmatrixelementwhichcanbring
anappreciablenegativeactivationenergytotheETprocesswhentheenergygapis
nearlyequaltothereorganizationenergy.Inthereactioncentercomplex,therearetwo
examplesforsuchcases,namelythesecondaryortertiarystepofchargeseparationBPh-
→QA ,andthechargerecombinationprocess,Q瓦 →(BChl)i.Thesereactionswillbe
treatedinaforthcomingpaper.Inthispaper,however,wecouldneglectthiseffectsince
wetreatedonlythereactionsinthenormalregionfarfromtheactivationlesscase.
ToformulatetheP-modephonon-inducedelectrontunnelingthroughbridging
chains,weadoptedinthispapertheroughcrude-Born-Oppenheimerapproximationand
thesimplifiedmodelofdouble-wellpotential,completelyignoringthesuperexchange
mechanismthatarisesbecausetheelectronisnotgoingthrough"conduction"statesbut
goingthroughintermediatelocalizedunoccupied-molecular-orbitals.Therefore,thepre・
sentresultshouldnotbetakenasquantitativejustificationoftheproposedmechanism,
butashavingsomewhatqualitativemeaning.Amorecompleteformulationwillbegiven
elsewhere.
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